Highly purified human thrombin stimulates the adherence of polymorphonuclear leukocytes (PMNs) to vascular endothelial cells (EC). When Indium-labeled PMNs were incubated with primary monolayers of cultured human umbilical vein EC, the basal adherence was 10±1% of the PMNs at 5 min. Addition of thrombin (2 U/ml) increased the mean adherence to 42±15%. Enhanced neutrophil adherence in response to thrombin was confirmed by experiments with unlabeled leukocytes, examined by phase contrast and scanning electron microscopy. The action of thrombin was on the EC, since it did not directly stimulate PMN adhesiveness when measured by aggregation or by adherence to nylon fiber columns. Furthermore, enhanced neutrophil adherence occurred when endothelial monolayers were treated with thrombin and washed before adding "'Indium ("'In)-labeled PMNs. Thrombin that had been inactivated with antithrombin III and heparin did not enhance neutrophil adherence. Prothrombin, Factor Xa, and fibrinogen were also ineffective. The stimulated adherence of PMNs was maximal 5 min after incubation of the EC with thrombin, and decreased thereafter. The response was dose-dependent, with half-maximal stimulation at 0.2-0.25 U thrombin/ml. The enhanced PMN adherence caused by thrombin may result in part from the production of platelet-activating factor (PAF) by the stimulated EC since (a) thrombin-stimulated EC synthesize PAF with a time course and concentration dependence that are similar to the time and concentration relationships for thrombin-stimulated PMN adherence, (b) PAF itself promoted neutrophil adherence to the EC monolayers, and (c) pretreatment of PMNs with PAF decreased the adherence stimulated by thrombin and PAF, but not adherence stimulated by N-formylmethionyl-leucyl-phenylalanine and C5a fragments, which indicates specific desensitization of PAF-mediated adherence.
Introduction
Leukocytes, as well as erythrocytes and platelets, are found in thrombi and are active participants in experimental and clinical thrombosis (1) . Neutrophils (neutrophilic polymorphonuclear leukocytes, polymorphonuclear cells [PMNs] ,' granulocytes) are frequently seen in thrombi (1) , and in some circumstances are the predominant cells that accumulate in injured or inflamed vessels in humans (1) (2) (3) (4) . In addition, vascular thrombosis is a feature of pathologic tissue inflammation (5) . Several mechanisms may link the coagulation and inflammatory systems. Generation of biologically active products by the plasma contact activation system, such as Factors XIIa and XIa, kallikrein, and bradykinin, may result in inflammation as well as thrombosis (6) (7) (8) . Furthermore , products of this system may activate the complement cascade, which results in the generation of the chemotactic fragments C5a and C5a desarg (5, 6, 9) . Mediators released from platelets during coagulation or after contact with injured vascular intima, such as platelet-derived growth factor and platelet factor IV, have proinflammatory effects (10) . Neutrophils also release substances that can activate coagulation and initiate fibrinolysis (1, 1 1) , and cause platelet activation and the release of platelet products (1, 12, 13) .
In earlier studies (14, 15) we found that thrombin stimulated human endothelial cells to produce platelet-activating factor (PAF; 1 -alkyl-2-acetyl-sn-glycero-3-phosphocholine), a biologically active phospholipid. The PAF synthesized by the endothelial monolayers remained associated with the cells, rather than being released (14) . Production of PAF by endothelial cells (EC) in response to thrombin potentially represents a new mechanism linking the common pathway of the coagulation system (16) with the acute inflammatory process, since PAF is a potent stimulus for the activation of human neutrophils as well as platelets (14, 15, 17, 18) . Preliminary results indicated that thrombin stimulated the adherence of neutrophils to cultured human endothelium (14) , which suggests the possibility that endothelial cell-derived PAF may mediate interactions between leukocytes and the endothelial surface.
In this paper we report observations that further support this hypothesis. The experiments demonstrate that thrombin stimulates the adherence ofneutrophils via a mechanism that requires the endothelial cells, that PAF is also an agonist for stimulated PMN adherence, and that the enhanced PMN adherence in re- sponse to thrombin may be in part mediated by the production of PAF by the endothelial cells.
Methods
Materials. Purified human thrombin and coagulation Factor Xa were activity of 2,920 U/mg. It was diluted to 20 U/ml in Hanks balanced saline solution (HBSS) and stored in aliquots at -20'C for use in the experiments to be described. Leukotriene B4 was a gift from Dr. Joshua Rokach (Merck-Frosst Canada, Inc., Quebec, Canada). PAF was purchased from Avanti Polar Lipids, Inc. (Birmingham, AL) . N-formylmethionyl-leucyl-phenylalanine (fMLP), prothrombin, and fibrinogen were from Sigma Chemical Co. (St. Louis, MO) and human albumin was purchased as a 25% stock solution ("Albuminar 25") from'Armour Pharmaceutical Co. (Tarrytown, NY). Medium 199, L-glutamine, antibiotic solutions, and HBSS were from M.A. Bioproducts (Walkersville, MD).
Human umbilical vein endothelial cell culture. Endothelial cells were isolated from umbilical veins and cultured in gelatin-treated 25 -mm wells in multiwell plates (Costar, Cambridge, MA), or 35 -mm polystyrene petri dishes (Corning Glass Works, Corning, NY) using a minor modification of previously reported methods ( 14, 15, 19) . After being isolated from the vessels with collagenase, the EC were suspended in medium 199 with 20% pooled human serum, supplemental L-glutamine, and antibiotics (19) . We prepared the serum by allowing blood from 3-6 normal donors to clot in sterile glass tubes; we then performed centrifugation of the serum twice at 3,000 g for 5 min at 40C, and once at 12,000 g for 15 min at 4VC, and then sequential filtration through 0.2-pm filters before addition to the medium. The EC were incubated in 5% C02, 95% air for 4 h; after this period the nonadherent cells were aspirated, the adherent cells were washed 1-3 times with HBSS, and new culture medium was added. The cells were returned to an atmosphere of 95% air, 5% CO2 until confluent (5-7 d), with media changes every 72 h. Only primary cultures that had been tightly confluent for 24 h or more (19) were used for these experiments.
Isolation and labeling ofhuman neutrophils. Neutrophils were isolated from venous blood using dextran sedimentation and Ficoll-Hypaque gradients as described (20) . A group of healthy subjects of various ages and both sexes served as PMN donors. The isolated PMNs (95-100% PMNs) were suspended in HBSS with 5 mg/ml human serum albumin (HBSS/A) for "'Indium ("'In)-labeling and for studies of adherence to EC. We have previously shown that neutrophils isolated in this way do not contain functionally significant numbers of platelets (19) . Furthermore, no adherent platelets were seen when neutrophil suspensions were incubated with EC monolayers and examined by scanning electron microscopy.
For labeling with ."'Indium, 50 to 200 X 106 PMNs were suspended in 5 ml of HBSS/A. Indium oxine (Medi-Physics, Inc., Richmond, CA, or Amersham Corp., Arlington Heights, IL) was supplied by the Department of Radiopharmacy of the University of Utah and was added in a concentration of 0.2-0.5 pCi/106 PMNs, a dose that is well below the level that causes radiation damage to the leukocytes (21) . The PMNs and Indium were incubated for 5-15 min at 37°C and the suspension was then centrifuged at 450 g for 5 min at room temperature. The supernate was saved and the pelleted PMNs were gently resuspended in 10 ml HBSS/A. This suspension was mixed and then centrifuged again at 450 g for 5 min at room temperature. The supernate was decanted, pooled with the supernate from the first centrifugation, and the radioactivity in the pooled supernates and the cell pellet was determined. Under these conditions 30-80% of the Indium was taken up by the PMNs. The labeled PMNs were resuspended in an appropriate volume of HBSS/A to yield a cell concentration of 5.5 X 106 neutrophils per ml.
In some experiments PMNs were labeled with "'In-tropolonate (22) rather than "'In-oxine. "'In-chloride (0.2-0.5 uCi/106 PMNs) was mixed with 26 pg of tropolone (Aldrich Chemical Co., Inc., Milwaukee, WI) in a volume of 0.5 ml of 0.9% NaCl before addition to the PMN suspension, or the two agents were added separately to the PMN suspension. The PMN suspension was then incubated for 15 min at 37°C and the remainder of the procedure was done as previously described.
After labeling with ".'In-oxine or tropolonate, 98% or more of the neutrophils excluded Trypan Blue. Their functional status was similar to that of unlabeled PMNs since (a) they spontaneously adhered to nylon fiber columns and the basal adherence could be increased by increasing the weight of nylon fiber, a functional assay of viability (23), (b) adherence to the columns could be increased by incubating the labeled neutrophils with fMLP, LTB4, or C5a desarg, which are known agonists of neutrophil adherence (20, 24, 25) Adherence oflabeled neutrophils to endothelial cell monolayers. Endothelial monolayers that had been tightly confluent (19) for a minimum of 24 h before use were washed with HBSS (370C) after removal of the culture medium. Aliquots of labeled PMN suspension (0.45 ml if the monolayers were in 25-mm wells and 0.9 ml if they were in 35-mm dishes) were layered over the EC; then control buffer or buffer containing an agonist (thrombin, PAF, fMLP, etc.) was added, and the PMNs and EC were incubated for various times as indicated in an atmosphere of 5% C02, 95% air at 370C. When the volume of PMNs was 0.45 ml, the agonist or control solutions were added in 0.05-ml volumes and the solutions were added in 0. l-ml volumes when the PMN volume was 0.9 ml. In the figures in Results, the concentrations ofagonists indicate their final concentration in the incubation mixture.
In some experiments control solutions, or solutions containing thrombin or other agents, were added to EC monolayers, incubated for various periods, and removed. The monolayers were then washed again, "'In-PMNs were added and incubated for 5 min, and adherence was determined (Results, Figs. 3 and 5).
After incubation of ".'In-labeled PMNs with EC, the PMN suspensions were carefully aspirated from the monolayers (Fraction A) and counted in a radiation counter (Gamma 5000; Beckman Instruments, Inc., Fullerton, CA). The monolayers were then washed twice with HBSS (0.5 ml for 25-mm monolayers and 1.0 ml for 35-mm monolayers) and the washings from each monolayer were individually pooled (Fraction B) and counted. After this step the dishes were routinely inspected by phase contrast microscopy to document that PMNs were adherent and that the EC monolayers were intact. The monolayers then were treated with I M NH40H for a minimum of 1 h at room temperature to dissolve the EC and adherent PMNs. The culture vessels were scraped with a cotton-tipped applicator and the NH40H was aspirated; a second volume of NH40H was added and the plates were scraped again. The NH40H washings and the cotton-tipped applicators from each monolayer were pooled and this fraction (Fraction C), containing the "'In from neutrophils adherent to the endothelial cells, was also counted. The total radioactivity recovered was calculated by adding the radioactivity (counts per minute) present in Fractions A, B, and C. Routinely, 95-100% of the radioactivity was recovered. The percentage of PMNs adherent to the EC monolayers was calculated by dividing the radioactivity in Fraction C by the total radioactivity recovered (Fractions A + B + C). The results were qualitatively unchanged if they were expressed as the absolute amount of radioactivity associated with the EC monolayers (Fraction C). Basal and stimulated adherence was measured in duplicate or triplicate in some experiments; the variation between monolayers was <5% within each study.
Adherence ofIndium-labeled PMNs to nylon fiber columns. A modification of a previously reported method (20) was used. Columns con-taining nylon fiber were made as described and warmed to 370C. Aliquots of ..'In-labeled PMNs (0.9 ml) were mixed with control or agonist solution (0.1 ml) for 30 s to 5 min at 370C on a mixing platform; 1.0-ml volumes were then added to duplicate or triplicate columns and allowed to drain by gravity at 370C over a 15-min period. The radioactivity in the effluents and the columns were counted separately and the percentage of neutrophils adherent to the nylon fiber was calculated as the radioactivity (counts per minute) associated with the column divided by the sum of the counts associated with the column and in the effluent.
Neutrophil aggregation. The aggregation of "'In-labeled and unlabeled neutrophils in response to thrombin, or agonists known to activate PMNs, was measured by a modification (Zimmerman, G. A., and D. Klein-Knoeckel, manuscript submitted for publication) of a previously described technique (14) . Briefly, 0.45 ml ofgranulocyte suspension was stirred (900 rpm) at 370C in a siliconized cuvette in a dual channel aggregometer (model 300BD; Payton Scientific, Inc., Buffalo, NY) for 2 min. 50 Ml of an agonist solution (control buffer, thrombin, or agents such as fMLP) were then added and the resultant aggregation wave was recorded over a 1-3-min period. The aggregation waves were quantitated as the increase in light transmission (14) were pretreated with low concentrations of PAF (10-9 or I -8 M), the response to a second stimulation with PAF was inhibited, whereas the response to fMLP was maintained; this confirms selective desensitization of the PMNs (27) . When higher concentrations of PAF (l 0-or 1 -6 M) were used for pretreatment, the leukocytes became hyporesponsive to both PAF andfMLP ("nonspecific desensitization") (26) . The concentration of PAF that specifically desensitized neutrophils varied from neutrophil donor to neutrophil donor; therefore, we screened donors and chose those whose PMNs demonstrated specific desensitization with PAF at a concentration of 10-8 M. "'In-labeled PMNs from these subjects were treated with 10-8 M PAF or control buffer for 5 min at 37°C on a mixing platform. Aliquots of the PMNs (0.9 ml) were transferred to EC monolayers, 0.1 ml of a second agonist was added, the neutrophils and EC were incubated together for 5 min, and the adherence of PMNs to the EC was determined. Evidence for specific desensitization of the neutrophils by PAF in these studies was confirmed by parallel aggregation assays.
Data comparisons. All results are indicated as the mean± 1 standard deviation. Where indicated, means were compared using a paired student's t test.
Results
Thrombin stimulates the adherence of neutrophils to endothelial cell monolayers. When thrombin was added to suspensions of "'In-labeled PMNs overlying EC monolayers, adherence of the leukocytes to the endothelial cells was markedly stimulated. In nine experiments in which EC monolayers and neutrophils were incubated with thrombin for 5 min, 42±15% of the neutrophils adhered compared with10±1% of the PMNs in dishes incubated with control buffer (P = 0.0001). The stimulated adherence in response to thrombin was dependent on the concentration of thrombin (Fig. 1) . Half-maximal stimulation of neutrophil ad- herence occurred at a thrombin concentration of 0.2 U/ml and was maximal at 2 U/ml. Two experiments showed that thrombin-stimulated adherence increased rapidly over the first 5-10 min of incubation, and then declined (not shown). We found that a commercially available thrombin preparation (Sigma Chemical Co.) also stimulated the adherence of "'In-labeled neutrophils to endothelial monolayers.
Phase contrast microscopy indicated that the adherence values calculated from the radioactivity associated with the EC monolayers correlated well with the adherence of intact neutrophils. We also found that thrombin stimulated the adherence of unlabeled neutrophils, as well as Indium-labeled PMNs (Fig. 2 ).
This observation indicated that the increased adherence in response to thrombin was not due to an alteration in the neutrophils caused by the labeling procedure. As shown in Fig. 2 C, scanning electron microscopy confirmed that thrombin caused PMNs to adhere to the surface of the endothelial monolayer. The neutrophils were adherent to the endothelial cell plasma membrane, but were only rarely seen to adhere to one another, which suggests that a factor associated with the endothelial cells mediated the interaction. Some of the neutrophils demonstrated polarization (24), which suggests that they had been activated in the process (Fig. 2 D) .
In an experiment to determine if cyclooxygenase products synthesized by the EC influence thrombin-stimulated neutrophil Figure 2 . Thrombin stimulates the adherence of unlabeled neutrophils to endothelial monolayers. Suspensions of unlabeled neutrophils were incubated with EC monolayers for 5 min after treatment with control buffer or 2 U/ml thrombin. The PMN suspensions were then aspirated, the monolayers were washed twice with 1.0 ml volumes of HBSS, and representative areas were photographed through a Nikon Diaphot-TMD inverted phase contrast microscope (magnification X 250). There was a marked increase in the adherence of neutrophils in the thrombin-stimulated dish (B) compared to the adherence in the dish treated with control buffer (A). We found similar results in experiments with ".'In-labeled PMNs (not shown). After examination by phase-contrast microscopy the monolayers were fixed with Karnovsky's solution, coated with atomic gold by vacuum evaporation, and examined with a Jeol-JSM35 scanning electron microscope. There were many neutrophils adherent to the thrombin-treated endothelial cells (C; magnification X 5,700). Some demonstrated polarization, with the development of lamellopodia and uropods (D, next page; magnification X 7,000). No adherent platelets were seen. In an experiment using EC monolayers from the same isolate and "'In-labeled PMNs from the same neutrophil donor that were used in the incubations shown in this figure, thrombin (2.0 U/ml) caused 27% of the PMNs to adhere compared with 8% adherence in response to buffer. adherence (19), we pretreated the EC monolayers with control buffer or indomethacin for 30 min before incubating them with PMNs and thrombin. After a 5-min incubation, neutrophil adherence to indomethacin-treated EC monolayers stimulated by thrombin (2 U/ml) was sixfold greater than control, whereas the thrombin-stimulated adherence to buffer-treated monolayers was threefold greater than control. Additional experiments demonstrated that treatment of the endothelial cells with indomethacin under these conditions inhibited the production of prostacyclin by >90%, as measured by radioimmunoassay of 6-keto prostaglandin Fl,,,.
Increased adherence of neutrophils is due to an effect of thrombin on the endothelial cells. The increased adherence that we observed could have been due to an effect of thrombin on the endothelial cells, on the neutrophils, or on both. To examine these possibilities, we tested the effect of thrombin when added to endothelial cells before incubation with neutrophils, and when it was added to neutrophils alone. We found that pretreatment of endothelial monolayers with thrombin before the addition of neutrophils resulted in stimulated adherence that was similar to that seen when it was added to PMN suspensions overlying the endothelial cells. Thus, when thrombin (2 U/ml) was incubated with EC for 5 min followed by washing with buffer to remove unbound thrombin (28) , and PMN suspensions were added and incubated for 5 min, the mean adherence to thrombin-treated EC was 49±14% compared to 8±2% to monolayers treated with control buffer (n = 3). The time course and concentration-response curves for thrombin-stimulated neutrophil adherence under these conditions are shown in Fig. 3 , and are similar to results of experiments in which thrombin was added to PMNs overlying the endothelial monolayers. An experiment in which we incubated thrombin with EC for 2 min, removed the thrombin, and then added labeled neutrophils and incubated for various time periods (1-30 min) yielded a time course similar to that shown in Fig. 3 . This suggests that the stimulated adherence results from a rapid, endothelial cell-dependent process. Thrombin-treated endothelial cells did not contract under the conditions of these experiments (15) .
To exclude the possibility that thrombin also directly stimulated the adhesiveness of neutrophils, we examined its effect on PMN aggregation (14, 26) and adherence to inert material (29). Thrombin did not stimulate the adherence of PMNs to nylon fiber columns (Table I) , although fMLP, PAF, and LTB4 each stimulated adherence. We also found that thrombin did not cause "'In-labeled neutrophils to aggregate, another measure of adhesiveness. In the experiment shown in Fig. 4 A, thrombin did not promote aggregation even though it stimulated neutrophils from the same suspension to adhere to endothelial monolayers (35% adherence, compared with 9% in response to buffer). Furthermore, the neutrophils aggregated in response to PAF and fMLP, mediators that are known to directly stimulate the aggregation of PMNs (27, 30 (Fig. 4 B) . In a separate experiment, thrombin caused a concentration-related increase in neutrophil adherence to EC (shown in Fig. 1 ) and stimulated platelets from the same donor to aggregate in a concentrationdependent fashion (not shown), but the same solutions of thrombin caused no aggregation of the subject's neutrophils at Fig. 5 and demonstrated that inactivation of thrombin with phenylmethylsulfonyl fluoride (1 mM or 10 mM, as described in reference 14) completely inhibited its ability to stimulate PMN adherence (not shown).
PAF stimulates neutrophil adherence to EC monolayers. The time course and concentration-response relationships for thrombin-stimulated PAF production that we previously reported (14) are very similar to those for thrombin-stimulated neutrophil adherence (Figs. I and 3 ). These observations suggested that the augmented neutrophil adherence in response to thrombin was related to the endothelial cell production of PAF. The effect of PAF on neutrophil adhesion to human endothelial cells has not been characterized, although studies with experimental animals indicate that PAF may enhance neutrophil adhesiveness to endothelium in vivo (32, 33) . We found that PAF stimulated PMN adherence to EC monolayers in a time-related and concentration-related fashion (Fig. 6) , which demonstrated that this phospholipid can mediate the adhesive interaction between neutrophils and endothelial cells. In 19 experiments in which PAF (l0-7 M) was added to suspensions of neutrophils overlying EC monolayers and the incubation continued for 5 min, the adherence was 23±6.5% compared with 9±2.5% for neutrophils treated with control buffer (range, 160 to 580% of control).
The results of these experiments were confirmed by phase contrast microscopy with both unlabeled and Indium-labeled PMNs (not shown). Scanning electron microscopy studies also showed that PAF caused neutrophils to adhere to endothelial monolayers. Polarized neutrophils (24), as well as spherical cells, were adherent to the endothelial cell plasma membranes (Fig. 7) .
Pretreatment ofPMNs with PAFspecifically desensitizes their adherence to thrombin-stimulated endothelial cells. We postulated that the increased adherence of neutrophils to thrombintreated monolayers was mediated by PAF that was synthesized (14) .
and associated with the endothelial cells (14, 15) . To test this possibility, we studied the effect of pretreating neutrophils with PAF on their adherence to EC in response to thrombin, and compared the results to the response of PAF-treated neutrophils to other agonists. We reasoned that neutrophils pretreated with PAF should be less responsive to subsequent exposure to PAF, and thereby to become specifically hyporesponsive (27) to agonists that act by stimulating the EC to endogenously produce this phospholipid. Fig. 8 demonstrates that pretreatment of PMNs with 10-8 M PAF markedly reduced their adherence in response to a second stimulation with PAF (in a concentration that would be expected to cause maximal adherence; Fig. 6 B) . In each of four experiments, pretreatment of neutrophils with PAF also caused significant inhibition of thrombin-stimulated adherence to endothelial monolayers. The adherence of PAF-desensitized neutrophils to thrombin-stimulated monolayers was reduced to a mean of 49% of the response of buffer-treated PMNs. In contrast, adherence stimulated by fMLP and C5a desarg (in zymosan-activated plasma) was not decreased, but instead was slightly enhanced. We have previously shown that fMLP and activated plasma do not stimulate PAF production by endothelial cells (I5).
In one experiment, in which the EC were submaximally stimulated (0.25 U/ml thrombin), neutrophil adherence was completely inhibited by prior desensitization with 10-8 M PAF. In an additional experiment, pretreatment ofPMNs with a higher concentration of PAF (10-7 M) completely inhibited neutrophil adherence to endothelial cells that had been stimulated with 2 U/ml thrombin (i.e., thrombin-stimulated adherence was similar to that in response to buffer). However, adherence in response to fMLP was not significantly decreased (Fig. 8 B) . (10-7 M) or control buffer was added to ".'In-labeled PMN suspension overlying EC monolayers, or was incubated with PMNs for 30 s at 37°C before aliquots of the suspensions were added to EC monolayers. The incubations were continued for the indicated times and adherence of the neutrophils was determined (Methods). The figure indicates the results of five experiments. The standard deviation at each point was 5% or umbilical vein EC (28) , and causes a variety of biochemical and biologic effects (14, 15, (33) (34) (35) (36) (37) (38) (39) (40) (41) (42) . In this report we show that thrombin, in concentrations similar to those that have been measured in clotting whole human blood (43) , stimulates the adherence of neutrophils to human endothelial monolayers (Figs.  1-3, 5) . The enhanced neutrophil adherence is dependent on the endothelial cells and may result in part from the synthesis of PAF by them.
We found that neutrophil adherence in response to thrombin required the presence of endothelial cells. Thrombin did not stimulate the adherence of PMNs to nylon fiber columns (Table  I) , although the adherence of neutrophils to nylon fiber is similar to adherence to endothelium when agents that directly alter the adhesive properties of the leukocytes are tested (29) . Furthermore, thrombin did not stimulate neutrophil aggregation (Fig.  4) , which is also a measure of neutrophil adhesive properties (26, 44) . From these results we conclude that thrombin did not directly stimulate the adhesiveness of neutrophils under the conditions of our experiments, and that it acted primarily on the endothelial cells. This conclusion is consistent with the experiments in Fig. 3 , in which incubation of endothelial monolayers with thrombin, followed by washing, resulted in enhanced neutrophil adherence. The results are also consistent with previous reports by others that thrombin does not stimulate neuless for the PAF-treated PMNs and 8% or less for the control leukocytes. (B) Concentration-response relationship. PAF in various concentrations, or control buffer, was added to " 'In-labeled PMNs overlying EC monolayers and adherence of the neutrophils was determined after a 5-min incubation. The curve illustrates the results of three experiments, each using endothelial cells from a different isolate and PMNs from a different donor. The standard deviation at each point was 5% or less. trophil functions, including aggregation and chemotaxis (7, (45) (46) (47) .
The requirement for endothelial cells for the thrombin effect indicates a novel mechanism of stimulated neutrophil adherence. The observations are important because the mechanisms by which chemotactic factors and humoral inflammatory mediators promote PMN adherence to endothelium are not clearly defined. Although under some conditions chemotactic factors such as fMLP, LTB4, and C5a fragments may enhance neutrophil adherence by acting on the endothelium (48) (49) (50) , each of these mediators also directly stimulates the adhesiveness of the neutrophils (20, 24, 25, 48, 49, 51) . A recent report suggests that a direct action on the neutrophils is the dominant effect of C5a, C5a desarg, and fMLP (51) . Our findings demonstrate an alternative mechanism, one that requires endothelial cells for neutrophil adherence promoted by a humoral mediator. They also suggest that under the appropriate conditions this mechanism results in neutrophil adherence that is equal in magnitude to that caused by factors that act directly on the leukocytes (Fig. 8) .
The dependence of thrombin-stimulated neutrophil adherence on the presence of endothelial cells suggests that thrombin caused the EC to produce one or more factors that enhanced PMN adhesion. Our experiments support the possibility that Figure 7 . PAF stimulates unlabeled neutrophils to adhere to endothelial monolayers and to undergo polarization. PAF (10-6 M) was added to neutrophil suspensions overlying endothelial monolayers and the incubition was continued for 5 min. The monolayer was then processed and examined by phase contrast and scanning electron microscopy as described in Fig. 2 (14, 15) ; (b) the concentration curves for thrombin-stimulated neutrophil adherence and thrombin-stimulated PAF synthesis are similar ( Figs. 1 and 3 ; Ref. 14) ; (c) the time courses of thrombin-stimulated neutrophil adherence (Fig. 3) and thrombin-stimulated PAF synthesis (14) are parallel, which suggests that endothelial cells become adhesive for neutrophils as PAF accumulates and is degraded (37) ; (d) PAF synthesized by endothelial cells remains cell-associated, even in the presence of high concentrations of albumin (37) , as did the factor that mediated neutrophil adherence to the EC monolayers (Results); (e) prothrombin, Factor Xa, and fibrinogen stimulate neither PMN adherence nor PAF synthesis ( Fig. 5 and reference 15) , (f) exogenous PAF enhances neutrophil adherence to endothelium (Figs. 6 and 7) ; (g) neutrophils pretreated with PAF become desensitized to subsequent stimulation with thrombin and PAF, but not to stimulation with fM4LP and C5a desarg (Fig. 8) , which suggests specific or selective desensitization (26, 27, 52) ; (h) in other studies we have found evidence that leukotriene C4 promotes neutrophil adherence to endothelial monolayers by a mechanism that may also involve PAF synthesis by the EC (52a). These (63) . While it is likely atched bars) for 5 min at 37°C. They were then added to that the recruitment of neutrophils to sites of injury by thrombin layers, an agonist was added, the incubation was continued may be important in vascular repair (64) , it is also possible that and adherence of the neutrophils was determined (Methan unregulated response of the endothelium to the coagulation agonist used to stimulate PMN adherence is shown below-protease, or unregulated hyperadherence of the neutrophils, may of bars. Activated plasma was used as a source of C5a desarg result in thrombosis or vascular injury (1) . The latter possibility repared by incubating zymosan (20 mg/ml) with whole huna as described (20) . The figure represents the mean data is supported by experimental observations in which thrombin experiments, each using EC monolayers from a different infusion caused PMN accumulation in the pulmonary circulate standard deviation was 8% or less for each mean with the tion and neutrophil-dependent pulmonary vascular injury in of the buffer-pretreated, thrombin-stimulated bar where it animals (65, 66) , and adherent, activated PMNs caused cytotoxic (B) The results of an individual experiment are shown. Neuand desquamative injury to cultured endothelium (67, 68) . trophils were incubated with buffer (open bars), 10'Y M PAF (hatched bars), or l0-7 M PAF (stippled bars) for 5 min at 370C. They were then transferred to endothelial monolayers, a second agonist was added, and adherence was determined as described in Fig. 8 A. cells is appropriately located, presumably in the plasma membrane, to interact with adjacent neutrophils. The molecular events that may be involved in such an adhesive interaction are unknown at this time, and it is not clear from our current understanding of the arrangement of phospholipids in cell membranes how PAF could be situated to accomplish this interaction. However, alterations in the phospholipid composition of the outer membrane of erythrocytes are associated with their enhanced adherence to human monocytes (53) , and may favor the adherence of sickled erythrocytes to endothelial cells (53) (54) (55) 
